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ABSTRACT 
Cooperative e f f e c t s  a r i s i n g  from t h e  cont r ibut ions  of a macroscopic asoem- 
I 
b lage  of i n t e r a c t i n g  sites w i l l  g r e a t l y  magnify the  inf luence  of weak-field 
i n t e r a c t i o n  terms. A s  a r e s u l t ,  s i g n i f i c a n t  d i f f e r e n t i a l  adsorpt ion  of 
o p t i c a l  isomers onto an a c h i r a l  su r face  is predicted t o  occur i f  the  su r face  
is continuous and s u f f i c i e n t l y  l a rge .  
1. Introduction 
The p o e s i b i l i t y  t h a t  a c h i r a l  surfaces ,  such a s  c l a y  surfaces ,  may s t i l l  
d i f f e r e n t i a t e  between o p t i c a l  isomers has in t r igued researchers  and has been 
t h e  motivation f o r  numerous inves t iga t ions  [1,2,3,4]. The r e s u l t s  t o  d a t e  
have been ambj;uoue. A t h e o r e t i c a l  framework, which could be used t o  decide 
whether o r  no t  a set of experiments might b e  successful  o r  even de l inea te  
t h e  minim1 condi t ions  neceesary f o r  success, has been lacking. It is t h e  
purpose of t h i s  comunicat ion  t o  provide a poss ib le  t h e o r e t i c a l  model f o r  
the resolu t ion  of cnnntiomers by a c h i r e l  surfaces .  
* ~ a t i o n a l  Academy of Sciences Research Associate. 
The quest ion of c h i r a l i t y  has been subjected t o  reexamination recent ly  
i n  two very d i f f e r e n t  approaches. The f i r s t  adopter Hund's explanation [ S ]  
but appends weak-fiald i n t e r a c t i o n s  t o  it. The second r e j e c t s  Hundvs explana- 
I t i o n  and replaces  i t  with a possibly more fundamental one [ 6 ] .  Weak-field 
I 
in te rac t ions  a r e  not included i n  P f e i f e r ' s  [6] treatment, but  such inclusion 
1 is thought t o  be straightforward.  The importance of the  weak-field in te r -  I I 
i ac t ions  a r e  t h a t  they break t h e  degeneracy between o p t i c a l  isomers t o  a 
I miniscule extent ,  generally. W e  w i l l  argue t h a t  t h e r e  a r e  cases where the  
e f f e c t s  w i l l  not  be ins ign i f i can t .  Thus t h e  opening remarks i n  t h i s  para- 
graph a r e  important i n  es tab l i sh ing  t h a t  e f f e c t s  a r i s i n g  from weak-field 
in te rac t ions  are not  dependent on the  p a r t i c u l a r  model of c h i r a l i t y .  The 
ex ten t  to which t h e  degeneracy between o p t i c a l  isomers is s p l i t  may be model- 
dependent, however. The diecueerion of the  weak-field in te rac t ion  begina with 
t h e  formal expression obtained by Bouchiat and Bouchiat [ i ' ] .  
11. Weak-Field In te rac t ion  Termz 
Nonvanishing contr ibut ion t o  the  p a r i t y  nonconserving energy a r i s e s  i n  
second order when spin-orbit  coupling is included. Approximating the  ground 
state and exctted wavefunctions of a molecular system by s i n g l e  determinants 
of molecular o r b i t a l s  y ie lds ,  following Rein e t  a l .  [ 8 ] ,  t h e  pnc energy 
The (x) terme a r e  spin functions while f denotee f i l l e d  o r b i t a l s  and e 
denotes empty ones. Summing over t he  spin megnet;Sc quantum numbers i n  
equation (1) reduces the  expreotrion t o  the spin-independent form (from Rein 
e t  a l .  [8 ] ) ,  
--is I: 
i 60 = 2C <"I$Q~W~I&I~~ > + C.C. (2) 1" Wf - W 
Y e 1 
6 Here g and 4 are the appropriate opsratora ob.tairied from lIPnc and H'O, respec- 
t i ve ly ,  upon euppreesion of the  sp in  operators. The molecular o r b i t a l s  a r e  
assumed to  be expressible a8 LCAOs where 
The +k(i) a r e  atomic o rb i t a l e  associated with the  i t h  atomic center  and the  
Cf 
are  t h e  appropriate coeff ic ients  of the  $ k( 1)  i n  the  f molecular 
o rb i t a l .  Again following Rein e t  a l .  [ a ] ,  overlap is neglected and each 
matrix e l m a n t  i n  equation (2) is r e s t r i c t ed  t o  a~ s ing l e  center.  Then, with 
use of equatSon (3) , e q u a t i ~ n  (2) y ie lds  
6 u = 4 C  E E .  ' 'f ,k(i)  'ti,& ( i )  ,u(r) 'e ,v(r) 
f ,e i,r k(i)  &(A) u(r)  ,v(r) 
2i A s  Rein, -- e t  al. noted [83, 6w - 0 i f  i - r. The importance of the expree- 
ii s ion  i n  equation (4) is i t e  generali ty.  It is nca: r e s t r i c t ed  t o  simple 
1 molecules but can be applied equally well t o  extensive multicenter in ter-  
i 
ac t ing  systeme euch a s  crysta ls .  For such a system, the  atomic o r b i t a l s  from 
which the molecular o r b i t a l s  a r e  constructed are diepersed throughout and 
include the e n t i r e  cryotal .  Thus equation (4). i n  t h i s  context, leads t o  the 
implication tha t  cooperative r f f e c t r  a r e  operating i n  a giant  molecule with 
many s i t e s .  A s  a coneequdince, a l l  o i t e s  (assuming tha t  each s i t e  experiences 
some degree of a s p e t r y  i n  I r e  environment) contribute t o  the  energy 6w 
i n  auch a faahion t h a t  there can be no reduction of the  double summation 
aver those sites. The operators and a r e  prefe ren t ia l ly  weighted toward 
those regions c lose t o  gtheavyw nuclei. Accordingly, i f  a l l  sites a r e  iden t ica l  
and each contains one "heavy" atom (such alt oilicon) and there  a r e  N o i t e s ,  
then, for those molecular o rb i t a l s  whoee composition includes o rb i t a l s  
associated with the i t h  ltheavy" nuclear center,  the coeffiente of theoe 
atomic o rb i t a l s  a r e  
Furthermore, the  sums i n  equation (4) fo r  these molecular o rb i t a l s  run over 
a l l  N "heavy" centers. The number of molecular o r b i t a l s  tha t  contain atomic 
o r b i t a l s  asoociated with the nuclaar centers is O(N) .  Therefore, 
t h e  weighted contribution from a l l  the sites t o  a term i n  
equation (4) i a  O(1). 
The unperturbed enargy f o r  the  system, r e l a t i ng  it t o  an energy, e ,  
associated with a hypothrrtical ioolated o i t e ,  is oat equal t o  
w a Nee 
Similarly, i f  we denote by 6c the value of the  average weak-field interact ion 
term t h a t  can be assigned t o  the  hypothetical isolated site, examination of 
equation (4) ouggests that the uecond-order perturbation term equals 
6u N26e. 
Any proportionality coneC4;sot hz.3 LSSG &sorbed in the 6c. This relationship 
is supported upon noting that the aua over f ,  e orbitals i,n equation (4) 
involves o(N~) 2erma. Substitution of the denominator in equation (4) by 
c Aw >ef, where < Aw >ef is the weighted difference of a representative 
subset of (of - oe) terms from the f and s bands, yields 
Here the (f*, e*) sum is over an appropriate subset of f and e orbitals; 
these have been labeled f* and e*. Thus there appears to be an enhancement 
effect of O(N) in a system comprised of N coupled sites. Consequently, this 
imposes a constraint on the second-order perturbation expression since 
equation (4) can only be aseumed valid if w >> 6w.  (In terms of our approxi- 
mate expressions, E >> N~E.) The following section will focus on the applica- 
tion to very large systems by using the techniques of statistical mechanics. 
111. Application of the Weak-Field Interaction Perturbation 
The magnitude of the weak-field terms 'for an isolated site is very 
small; estimates range from 3,0m21 au to 10'18 au [5 ,a] .  Therefore, although 
it has been argued [ 9 ]  that such infinitesimal differences cannot affect 
chemical processes, cooperative effects will profoundly alter this conch- 
sion, We adopt a picture in which adsorption occurs from a solution 
containing a racemic mixture (the optical ieomcrs are hereafter noted oe A and 
19 
B) onto a continuous surface possessing N achiral sites, each of which has 
a "heavy" atom. It is assumed that all sites are occupied with either an 
A or a B isomer, The spin-orbit terms in equation (4) include all N sites. 
Two cases are considered. In the first case we assume that the adsorbed 
isomer introduces asynmretry into the environment of the "heavy" atom and it 
is also strongly coupled with the surface. In the second case, which is a 
limit of the first, we only assume that an asymmetry is introduced into the 
"heavy" atom environment. The first case will be treated in some d e t a i l  
eince the results can be eaeily modified to yield the second-case limit. 
The energy difference between adsorption of the A Isomer over the B form is 
given by 
A AE = N(6rsite B A 
- "site + '"isomer - 6Eisomer 1 
A 2 ~ ( 6 e ~ ~ ~ ~  + '~tite) 
It is readily shown, if we assume that the Boltzmann distribution is appli- 
cable, that the partition function for this system equals 
N N 1 Q u N IN 1 exp(-BNAAE) erp  ON^ (ktite 
N A m O  A B "isomer 
Here, $ = i/kT where k is the Boltzmann constant and N is constrained by the 
requirement that 
N NA + NBe 
B 0 
The terms AE, 6cSite, ~E~~~~~~~ and N are constants. Only NA and NB can vary; 
however, f r m  the relationship in equation (8) the variation of NA is 
The most probable dfistribution of A and B is  found by s e t t i n g  the  var ia t ion 
& 
of Q, 
SQ - 0 I*  
and solving the  resu l t ing  equatron. This d i s t r ibu t ion ,  i n  t e rn  of NA and 
NB, is found t o  equal 
Suppose there  a r e  M i sola ted eurfaces, each possessing N sites, which 
a r e  s imltaneously  exposed to  the  same racemic solution.  The most probable 
d i s t r ibu t ion  is obtained by using the same procedure outl ined previously. The 
r e c u l t  i e  iden t ica l  t o  t he  re la t ionship i n  equation ( l o ) ,  f .e., 
Thus the  olost probable d i s t r ibu t ion  depends on the  number of s i t e s  per surface. 
It depende on the  t o t a l  surface only i f  t ha t  t o t a l  represents a s ing le  con- 
tinuous eurface. Thie r e su l t  might be c ruc i a l  i n  determininlr, whether or not 
an experiment can yield detectable d i f f e r e n t i a l  adsorption. 
As an illustration, ve assume tha t  
A 
" s i t e  au, 
A 
"isomer .: 1 0 ~ ~ 0  au. 
The value fo r  6csite A is chosen on the  assumption tha t  the  estimate by Rein 
et al. [8] is representative f o r  the s i t ua t i on  i n  which asymmetry i e  
--
A introduced a t  a dis tance from the  "heavy" atm. The value G E ~ ~ ~ ~ ~  is pur- 
posefully chosen two orders smeller than the  upper-bound estimate (10'18 au) 
fo r  comparable sys t em since t h i s  upper bound ie In question [8].  Then the 
number of siteat a s ing le  surface (hereafter c ryota l  and surface w i l l  be used 
interchangeably) must poesess i n  order tha t  there  be a one-percrstrt d i f fe ren t ia -  
t i o n  i n  the adsorption of B isomer with respect t o  A isomer can be determined 
by using equation (10). We des i re  tha t  the r a t i o  of t he  number of adsorbed 
A isomers t o  the  number of adsorbed B isomers equal 
Solving equation (10) f o r  BAE yields  
BAE * Ci.020. 
Since 
AE o 2N x au, 
then at 300°K the  number of s i t e s  must equal 
N 1 x 
In t h e  second caee, where the  only e f fec t  of the  op t ica l  isomers is t o  
introduce aoynnnefry in to  the environment of the  ''heavy" atom, the expression 
i n  equation (6) nuw equals \ 
AE = 2N x au, 
from which we get 
If  we asonune an area of about 10 A2 per sit@, which i# a reasonable velue for 
a representative SiO4 un i t  i n  c r i r t oba l i t e ,  f o r  sxunple, then the minirmm 
area  that  the  s ing le  c rys ta l  surface must equal fcr a one-percent d i f f e r en t i a l  
adaorption i e  given by 
Amin s 1 x 103 cm2 ( f i r e t  cme)  , 
*mi* u E x lo6 cm2 (recond case). 
It is clear  from equation (11) t ha t  a col lect ion of smaller crysfale  whose 
t o t a l  area equals Amin woutd not yield the one-percent d i f fe ren t ia t ion  since 
the percentage different1a;tion depends on the number of sites per cryeta1 
and ao t  on the  number of cqystals. 
IV.  Conclusion 
A cooperative e f f ec t  is poesible on a continuous surface with many 
avai lable  adsorption s i t e s .  Thus, even though the  weak-field interact ion 
terms are  almost vanishingly small for  one center,  a cooperative e f fec t  can 
grea t ly  magnify these miniscule energies, Results from a naive s t a t  i s t i c a l  
mechanical treatment ehow tha t  t h i s  amplification feature  indeed can lead t o  
the  resolution of enantiomere by ach i ra l  surfacee. For purpsees of laboratory 
demonstration, however, the minimum area tha t  an ach i r a l  surface must have 
i n  order t o  e f f e c t  a one-percent d i f fe ren t ia t ion  is suf f ic ien t ly  large,  from 
eetimatss made i n  sect ion 111, tha t  any experiment would be extremely dif-  
f i c u l t  t o  execute properly. Since, a s  shown i n  the t ex t ,  the  quantity of 
discontinuous c rye t a l  surfaces doeo not enhance the percentage of dif ferent ia-  
t ion ,  the standard ~2ocedure of using la rge  quant i t i es  of small pa r t i c l e s  is 
9 
n o t  a v i ab l e  technique fo r  obtaining a detectable  (*,1%) d i f f e r en t i a t i on  of 
o p t i c a l  ioamere on aa ach i r a l  ourface. Thio latter oboorvation may -plain, 
t o  ome  degree, the  ambiguouo and of ten  conf l i c t ing  r e s u l t s  obtained t o  da t e  
when such experiments have been at tanpted.  
I 
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